More and more deep-buried underground excavations have been carried out in some large-scale hydroelectric stations at southwest of China. When underground development continues at great depths, the danger of surrounding rock instability will inevitably increase in underground powerhouses and tunnels. To in-depth analysis the failure mechanism and quantify deformation of the structures is one of the hottest problems to be probed in rock mechanics and rock engineering field. The objective of this study is to investigate the effect of different confining pressures on the failure phenomena of tunnels. A realistic failure progressive analysis code named RFPA was adopted to display the full failure processes of tunnel under different confining pressures. RFPA code has the capability of simulating the whole fracturing process of initiation, propagation and coalescence of fractures around excavations. The numerical model presented here can be used not only to display fracturing patterns of tunnels, but also to predict fracturing patterns under different confining pressures. The simulated results demonstrate that confining pressures play a great role in the failure mode of tunnels. With the increase of lateral pressure, the initiation, migration and expansion of cracks can be delineated. Based on these fracturing patters, failure mechanisms are identified and reasonable support can be thus performed later on.
Introduction
In deep-buried underground excavations such as tunnels, subterranean plants and other openings, the hard rock mass show a special mechanical behavior different from those in shallow regions. Spalling, rockburst are the main failure pattern of such rock mass. Simultaneously, fracturing damage zones are formed in surrounding rock mass, and develop into deep rock mass with the failure of surface layers. Plenty of researches show that the failure patters of surrounding rock mass are closely related with confining pressure. Spalling is the main characteristic under low confining pressure. With the incrementation of confining pressure, the failure patterns of tunnel become shear failure. The corresponding control measurements will be established only if the failure patterns of surrounding rock mass can be understood and grasped. Numerical simulation can provide an easy and visible tool to analyze the failure mechanism of surrounding rock mass in deep-buried tunnels. Many experts investigated such problems and achievements have been obtained. C.D.Martin [1] studied the deformation failure mechanism on the basis of conventional triaxial loading and unloading tests of granite in laboratory. Jia et al. [2] used RFPA to simulate failure mechanism of tunnel in jointed rock mass, the numerical analysis indicated that both the dip angle of joints and the lateral pressure coefficient had significant impacts on the failure mode and displacement characters of tunnel. Zhang et al. [3] discussed the influence of the horizontal in-situ stresses on the distributions of plastic zones and analyzed the deformation and nonlinear gradual failure characteristics of circular roadway in deep rock mass as well as the displacement and the stress variation of the key positions in the periphery of the roadway. M.Cai et al. [4] [5] investigated the brittle failure patterns of granite from different aspects. Based on the analysis of the experimental results, Zhang et al. [6] studied the engineering mechanical features of the marble T 2b and the failure modes and mechanism of the surrounding rock mass in the test tunnels in Jinping II hydropower station in southwestern China. Xu et al. [7] [8] analyzed the effect of different geometry on the surrounding rock mass and pillar failure process and stability in some mines using RFPA code. The previous researches have made much contribution on studying the failure mechanism of tunnels. In this study, a novel code named RFPA is applied to simulate the failure process of surrounding rock mass and the path to collapse of tunnel at different confining pressure. The objective of this paper is to throw some light on the previous design and later support measurements of tunnels with special reference to their stability.
Description of RFPA code
The development of computational methods has enabled applied mathematicians, engineers and scientists to make significant progress in the solution of previously intractable problems. Numerical simulation is currently the most commonly used method in the solution of important coupled problems in rock mechanics and engineering. Rock or rock reinforcement is an obviously heterogeneity material and how to characterize this type of feature is important for the engineering. To consider the heterogeneity of rock or rock reinforcement at the mesoscale level, In RFPA code [9] [10] [11] , the solid of structure is assumed to be composed of many mesoscopic elements with the same size, and the mechanical properties of these elements are assumed to conform to a given distribution law, such as uniform distribution, normal distribution and Weibull distribution [12] . Hereby, Weibull distribution is employed to define the material properties, and it can be described as following:
Where u is the mechanical or thermal parameter of the element, such as strength and elastic modulus, etc. The scale parameter u 0 is related to the average of the element parameters and the parameter m defines the shape of the distribution function. In RFPA-2D code, m is defined as the homogeneity index of the material. It can be seen from the properties of the Weibull distribution (Fig. 1) , a larger value of m implies a more heterogeneous material and vice versa. For higher values of the homogeneity index, the strengths of more elements are concentrated closer to α 0 . In the definition of the Weibull distribution, the value of the parameter m must be larger than 1.0. The computationally produced heterogeneous medium is analogous to a real specimen tested in the laboratory, so in this investigation it is referred to as a numerical specimen. The mesoscopic elements themselves are isotropic and homogeneous. The elements in the specimen must be sufficiently small to reflect the heterogeneous mechanical properties of materials at the meso-scale and still provide conditions under which a current computer can perform the analysis efficiently [9] .
Fig. 1 Curve of different homogeneity index m
For the damage evolution, we employ the damage mechanics to describe the failure behaviour. And on the basis of Lemaitre damage model, damage behaviour can be defined as following:
where ω represents the damage variable, and E and E 0 are the elastic modulus of the damaged and the undamaged material, respectively. In the current method, the element as well as its damage is assumed isotropic, so the E, E 0 and ω are all scalar.
Numerical simulation and results

Numerical model description of the slope
Numerical model is set up in plane strain mode by RFPA code for heterogeneous tunnels. The specific geometry and loading conditions for the geometry is shown in Fig.2 , among which p △ and P 0 are pressure applied in vertical and horizontal direction of specimen, p △ is the incrementation of each load step and P 0 is the confining pressure of the surrounding rock mass. Moreover, the brightness of rock mass in the Fig.2 expresses the mechanical parameters such as elastic modulus and compression strength of rock mass, the brighter the color, the bigger the value of strength parameters. The model has a dimension of 200 mm×200 mm and has been divided to 40,000 elements (200×200). A Mohr-Coulomb material is applied in the model, and the parameters of the model are listed in Table. 1. 
Simulated results and discussion
The results of modeling the U-shaped tunnel are shown in Fig.3 . Under uniaxial compression (confining pressure equals zero) some cracks are formed in the floor near the sides of the tunnel. Shear damage is also observed in the floor of the tunnel (see the white circles in Fig.3 (a) ). When the confining pressure is increased from 0 to 8MPa, the tensile crack occurs first at the two sidewalls with typical characteristic of spalling. This is perhaps because the arching effect in the roof restricts the formation of tensile cracks. With the incrementation of vertical load steps, shear cracks are also formed on the roof of tunnel and up to the final unstability of the tunnel (see Fig.3 (b) ). When the confining pressure increases to 16MPa, shear fractures are formed in the floor of the tunnel, and away from the two sidewalls to the roof. Remote cracks, caused by the shear damage, are also formed (see Fig.3 (c) ). One notable feature of fracturing of the tunnel with confining pressure from 0 MPa to 16 MPa is the shear cracks at the two edges near the base of the model, probably caused by the boundary effect. The confining pressure can control the extension of cracks away from the two sidewalls.
Based on the simulation of the progressive failure processes of tunnel under different confining pressure, it can be concluded that confining pressure is of significant effective in suppressing a primary shear fracture and less effective in the prevention of compression failure. The location of the initial crack changes with confining pressures. The point of nucleation moves closer to the tunnel with the increasing confining pressure. Under high confining pressure, more attention should be paid to the reinforcement of the high compression stress zone in order to maintain the integrity of the tunnel. 
Conclusions
In the present study, the numerical code RFPA has been employed to simulate the full failure processes and the path to collapse of tunnel under different confining pressures. Based on the results from the simulations, some conclusions can be drawn as follows:
(1) RFPA code can display the whole fracturing process of initiation, propagation and coalescence of fractures of tunnel. Failure mechanism and cracks distribution can be thus obtained to in-depth analysis surrounding rock mass instability of tunnel;
(2) When the confining pressure is relatively low, cracks mainly occur at the floor of the tunnel. With the incrementation of confining pressure, shear fractures develop from the two sidewalls to the roof of the tunnel, and up to instability of the tunnel. It demonstrates that the confining pressure plays a significant role in failure patter of tunnel; (3) The simulated results can be used for guiding the design and construction of tunnel support. For example, restraining the initiation of a primary tensile crack may be an effective way to arrest the formation of a far-field tensile crack in the interior of the medium.
